One of the major hurdles for the development of gene therapy for Fanconi anemia (FA) is the increased sensitivity of FA stem cells to free radical-induced DNA damage during ex vivo culture and manipulation. To minimize this damage, we have developed a brief transduction procedure for lentivirus vector-mediated transduction of hematopoietic progenitor cells from patients with Fanconi anemia complementation group A (FANCA). The lentiviral vector FancA-sW contains the phosphoglycerate kinase promoter, the FANCA cDNA, and a synthetic, safety-modified woodchuck post transcriptional regulatory element (sW). Bone marrow mononuclear cells or purified CD34
Introduction
Fanconi anemia (FA) is an autosomal recessive or rarely, X-linked syndrome, characterized by bone marrow failure, congenital anomalies and the early development of malignancies. Nearly all patients develop aplastic anemia, and nearly half of the patients develop myelodysplastic syndrome or acute myeloid leukemia. Early mortality is related to complications from bone marrow failure, including bleeding or infection.
FA cells have a defect in DNA repair that leads to increased spontaneous chromosomal breakage and a marked sensitivity to bifunctional cross-linking agents such as mitomycin C (MMC) and diepoxybutane. 1 FA can be classified into at least 13 complementation groups, including A, B, C, D1, D2, E, F, G, I, J, L, M and N. 2, 3 The complementation is based upon correction of the chromosomal sensitivity to cross-linking agents in hybrid cells. Most of the FA proteins form a multi-subunit complex believed to be involved in DNA repair. Fanconi anemia complementation group A (FANCA) accounts for approximately 65-70% of FA patients. 3 There have been several studies to correct the defect of hematopoietic stem cells in FA by gene transfer both in the laboratory and in patients. [4] [5] [6] [7] [8] [9] [10] It has been long recognized that FA patient cells do not survive well in ex vivo culture. This may in part be due to sensitivity to oxygen-mediated damage, as cells could be successfully grown in a low oxygen environment. 11 An extensive analysis of the potential mechanisms to enhance FA cell viability in vitro showed that a combination of low oxygen and use of the reducing agent, NAC, but not amifostine [2-[(3-aminopropyl )amino]ethanethiol dihydrogen phosphate] or Vastarel [(2,3,4-trimethoxybenzyl)piperazin dihydrochloride], increased growth in clonogenic assays, permitted longterm growth of LTC-ICs (long-term colony-initiating cells), and permitted engraftment of FA progenitors pre-treated in these culture conditions in NOD/SCID mice. 7 Moreover, fibroblasts, lymphoblastoid cells, or hematopoietic cells from FA patients were able to be transduced with a bicistronic retroviral vector containing the cDNA for FANCA, phenotypically corrected and able to survive MMC exposure. 7 The most recent gene therapy clinical trial in FANCA patients used retrovirus-mediated gene transfer. 8 Unfortunately, successful, durable engraftment of gene-modified cells was not achieved. The attempts were also thwarted by inability to adequately mobilize hematopoietic stem cells in these patients with bone marrow failure. Critical to the future success of gene therapy in FA patients is the development of a rapid transduction protocol that will minimize the time in culture for fragile FA stem cells, achieve high transduction efficiency, ensure therapeutic expression levels of the transgene and preserve the engraftment capability. Lentiviral vectors provide an advantage in that there can be shorter transduction time, minimizing ex vivo culture, and high level transgene expression in hematopoietic cells. A study of lentiviral transduction of murine Fanca À/À hematopoietic stem cells showed the ability to successfully transduce with an multiplicity of infection (MOI) of 100, with preservation of engraftment capability and phenotypic correction. 9 Another group reported successful in vitro correction of FA patient cells with lentiviral transduction and improved recovery of CD34 + cells using hydroxyethyl starch isolation of white blood cells. 10 Thus, lentiviral transduction appears to be a promising advancement.
Certainly, another critical obstacle to be overcome is the potential for insertional mutagenesis, and various strategies for minimizing the risk of vectormediated dysregulation of nearby genes are being evaluated to reduce cancer risk. Lentiviral vectors do not integrate close to the promoters of transcriptionally active genes as frequently as gammaretroviral vectors, which is another potential advantage of lentiviral vectors. 12, 13 Our goal was to develop the methodology that could be directly applied in a gene therapy clinical trial. Here, we have combined an abbreviated procedure for lentiviral transduction of CD34 + cells, with ex vivo cell culture in hypoxic conditions in the presence of the reducing agent NAC to improve viability and engraftment potential of human cells, for the purpose of showing the feasibility and effectiveness of this approach in viral-mediated gene therapy for FA patients.
Results
Transduction of normal G-CSF-mobilized peripheral blood mononuclear cells, lineage depleted mononuclear cells, and CD34 + cells
We transduced cells derived from normal mobilized peripheral blood progenitor cells using a lentiviral green fluorescent protein (GFP) vector with an MOI of 10. Using a custom mixture of antibodies to CD3, CD14, CD19 and CD56, we removed cells that expressed these antigens, and our average yield was 16% of the initial starting mononuclear cell population after density depletion. Our average yield of CD34 + cells was 1.6% of the starting mononuclear cell population, and the average purity was 84.4% by flow cytometry. The transduction efficiency by flow cytometry for GFP-positive cells was 8.7% for mononuclear cells, 6.4% for lineage-depleted cells, and 5.5% for CD34+ cells. However, the transduction efficiency in colony forming cells as assessed by GFP expression was 12.5% for mononuclear cells, 16% for lineage-depleted cells, and 27.7% for CD34+ cells. The transduction efficiency in colony forming cells as assessed by PCR was 12.5% for mononuclear cells, 18.8% for lineage-depleted cells, and 10.4% for CD34+ cells. These values for transduction efficiency all represent mean values for the different samples of normal, G-CSF mobilized peripheral blood progenitor cells.
Correction of defective FANCA lymphoblasts using FancA-sW Human lymphoblasts derived from a FancA patient were transduced overnight with a FANCA or a GFP-expressing lentiviral vector at a MOI of 10. The transduced cells were subsequently exposed to increasing doses of MMC and viable cell numbers were obtained 2 and 4 days after initial exposure to MMC (Figure 1 ). At day 2, cell number differences between the lymphoblasts transduced with FancA-sW versus those transduced with the GFP vector were statistically different in all concentrations of MMC. The P-values were 0.0015, 0.0034, 0.0091, 0.022 for 5, 10, 20 and 50 nM of MMC, respectively. Similarly, day 4 also had a statistically different number of viable cells in all MMC concentrations, with higher statistical differences than that observed at day 2. The P-values for day 4 were 0.0017, 7.8 Â 10 À5 , 1.90 Â 10 À5 and .0019 for 5, 10, 20 and 50 nM of MMC, respectively. Without MMC, there was no difference in cell viability between lymphoblasts transduced with the two vectors (P-value of 1.00 for both day 2 and day 4), suggesting that there was no innate in vitro increase of cell growth or viability in cells transduced with the FancA-sW vector. These studies showed that FancA-sW transduction can correct the hypersensitivity of human FANCA-deficient cells to MMC. These results further suggest that the housekeeping constitutive internal promoter, the PGK promoter, is sufficient to achieve phenotypic correction.
Hypoxic environment and NAC improve transduction efficiency and viability of human FANCA CFU One of the major technical difficulties for development of gene therapy for FA is the extraordinary ex vivo fragility of FA bone marrow cells, which is believed to be in part due to oxidative damage. We therefore sought to compare the effect of oxidative stress and length of transduction on the transduction rate and colony forming potential of primary human FA bone marrow. To minimize ex vivo manipulation and multiple integration events, bone marrow mononuclear cells were transduced at an MOI of 10. In an initial experiment, the effects of low oxygen, short overnight vector exposure (without pre-stimulation) and the use of NAC were compared with the standard pre-stimulation of 24 h, followed by 2 daily cycles of transduction in normal oxygen without NAC (data not shown). Bone marrow cells transduced overnight in the presence of both low oxygen and NAC Lentiviral gene transfer for Fanconi anemia PS Becker et al showed increased colony number/plate compared with conditions of 21% oxygen without NAC, mean 6.5 versus 2 colonies per 3 Â 10 4 cells plated (P ¼ 0.12). Short transduction period, use of 5% oxygen and use of NAC were each associated with increased colony number, with P-values of 0.15, 0.15 and 0.089, respectively. Using either short transduction or NAC was associated with a trend in having increased GFP-positive colonies (P ¼ 0.10 for both). The use of 5% oxygen showed a significant difference compared with using 21% oxygen, with an average of 2.125 GFP colonies compared with 0.75 colonies (P ¼ 0.018). Lastly, there was a significant difference in the number of GFP vector-transduced colonies when the brief transduction, low oxygen with reducing agent was compared with long transduction, 21% oxygen and no NAC, with an average of four colonies/plate in the overnight low oxygen with NAC versus 0 colonies/plate in the standard conditions (P ¼ 0.00042).These data show that short transduction with reduced oxidative stress is more effective in transducing progenitor cells and at least as effective in preserving colony forming cells compared with standard transduction conditions.
In a second experiment, we focused on the role of oxygen and NAC on transduction and colony formation in a single overnight transduction ( Figure 2 ). The combined use of 1 mM NAC and 5% oxygen showed a significant increase in the number of colonies formed compared with the other conditions (P-values all o0.03). The greatest difference was between the colonies formed in 5% oxygen with NAC and those formed under 21% oxygen without NAC, with an average of 11.5 ± 0.71 (s.d.) colonies and 3±0.05 (s.d.) colonies, respectively (P ¼ 0.0034). No other group was significantly different from another. Transduction rate, measured by GFP expression was statistically similar in the four groups (P40.22); with 60% of colonies placed in hypoxic conditions with NAC being GFP-positive. Combining data from the various groups, the use of NAC was associated with both increased colony formation, 8. 
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Although there is generally a reduced clonogenic capacity of FA hematopoietic progenitors in vitro, [14] [15] [16] Colony-forming units (CFUs) were readily detectable in bone marrow mononuclear cells from three different FANCA patients transduced with FancA-sW as compared with GFP (mean 10.7, 54 and 14 colonies/3 Â 10 4 cells plated versus 6, 27 and 5 colonies/3 Â 10 4 cells plated, respectively). The distribution of colony size is shown in Figure 3a . Colony morphology was heterogeneous, including colonies greater than 2 mm and clusters of o50 cells. On average, GFP vector transduced cells produced 52% less colonies and clusters compared with FancA-sW-transduced cells (P ¼ 0.019). Although number of colonies diminished with increasing MMC concentration, there were statistically more colonies for the FancA-sW-transduced cells than the GFP vectortransduced cells (Figure 3b ). The fraction of CD34 + cells in the patient bone marrow ranged from 0.1 to 0.7%, and did not correlate with colony formation or transduction efficiency. Transduction efficiency ranged from 15 to 90% for both FancA-SW and GFP vector-transduced bone marrow by colony PCR, showing effective transduction using a single, overnight transduction at an MOI of 10.
Transduced bone marrow cells placed in cell culture were exposed to increasing concentrations of MMC in triplicate wells. Viable cells were subsequently counted at day 2 and day 4 with the results shown in Figure 4 . All three samples showed statistically significant increased cell number in the FancA-sW transduced cells, compared with GFP vector-transduced controls, at the highest level tested on both day 2 and day 4 ( Table 1) . Patient 5 showed significant differences at both 5 and 10 nM of MMC with a 2.1-fold difference in cell number in cells exposed to 10 nM MMC. At day 4, patient 5 showed significant difference in cell number only in cells exposed to 10 nM MMC. For patient 6, day 2 samples showed significant differences in cell numbers in all three MMC concentrations tested. On day 4, patient 6 had significant differences in transduced cells exposed to MMC at both 10 and 20 nM concentrations. Patient 7 had GFP vectortransduced cells that were the most resistant of the three samples to the effects of MMC. Overall, these results indicate that human FA bone marrow cell hypersensitivity to MMC-induced DNA cross linking is corrected by transduction of the cells with the FancA-SW vector in hypoxia with reducing agent, although the effect varied between individual patients. Table 2 . LAM-PCR analysis of DNA from colonies derived from FancAsW transduced human FANCA bone marrow cells showed 1-2 integrations per CFU, with the majority showing one integration per cell (data not shown). By BLAST analysis, the integration sites were not within coding sequences of the genome.
Discussion
We have developed an effective and clinically relevant method to transduce Fanconi anemia patient bone marrow cells using a safety modified lentiviral vector and a brief transduction period in a hypoxic environment with a reducing agent. This combination of conditions was able to preserve the ability to form colonies in vitro, with consistent correction of sensitivity to MMC-induced double-strand DNA cross-linking indicating phenotypic correction. There are several safety features engineered into the FancA-sW vector construct relevant to its use for clinical applications. Previous FA gene therapy studies have either used the viral long terminal repeat or strong internal promoters, which could alter the expression of neighboring genes after viral integration. To minimize the risk for promoter enhancer effects in our construct, the FancA gene is driven by a housekeeping constitutive internal promoter, the promoter for human PGK, and a WPRE was included to increase transgene expression. 17 For safety concerns, a synthetic WPRE was created, which interrupted the partial open reading frame for Protein X, which is present in the WPRE. 18 These efforts were undertaken to eliminate strong viral promoters, which may potently enhance the expression from nearby genes thus minimizing the risk of insertional mutagenesis leading to the activation of proto-oncogenes.
There have been several hypotheses proposed for the exact mechanism by which hypoxia improves the survival of hematopoietic progenitors in Fanconi anemia. Hematopoietic stem cells are believed to be located in a hypoxic environment within the bone marrow, in the endosteal niche, 19 and there was enhanced maintenance of human cord blood stem cells capable of repopulating NOD/SCID/IL-2Rg null -immunodeficient mice after incubation in a hypoxic environment. 20 In fact, hypoxia may promote stem cell survival for other tissues as well, and hypoxia-inducible factor-1á may have a role through its effects on cell cycle and transcription. In the case of Fanconi anemia bone marrow progenitors, reduction of oxygen to 5% was shown to improve erythroid colony formation, 14 and there was greatly enhanced colony formation observed for the combination of hypoxia and reducing agent. 7 Another group also presented data on lentiviral transduction and colony assays in 3% oxygen for two FA patients, with variable results on transduction efficiency and improved colony growth in at least one of the patients, 10 but error bars and statistical analysis were not provided.
We also found that both hypoxia and N-acetyl cysteine increased the colony forming ability of human Fanconi A hematopoietic progenitors, and that there was also improved transduction efficiency. However, MMC requires oxygen radicals for DNA cross-linking which is likely inhibited by the reduced oxygen environment of the culturing conditions resulting in the need for higher doses of drug than was anticipated. Nevertheless, our in vitro culture assay of transduced bone marrow cells in MMC offers a rapid and relatively simple method to determine FA patient subtype (with appropriate vectors) without the need for colony assay, T-cell expansion or lymphocyte transformation.
Gene transfer to a fraction of hematopoietic progenitors may result in expansion of those clones of cells due to survival advantage with acquisition of DNA repair ability. In fact, there have been cases of spontaneous reversion in a lymphohematopoietic stem cell in Fanconi anemia, and the reverted cells dominated the marrow due to survival advantage while the patients retained mosaicism, usually with the Fanconi mutation preserved without compensatory correction in skin fibroblasts. 15, 16, 21, 22 Our studies focused on procedures for lentiviral vector transduction of Fanconi anemia progenitor cells. As it has been shown that there is defective homing of FANCA bone marrow progenitors leading to deficient engraftment in NOD/scid mice due to decreased activity of the Rho GTPase cdc42, 23 it will be interesting to study whether hypoxia and/or reducing agent NAC can improve this ability, as hypoxia had improved engraftment of cord blood progenitors in NOD/scid mice. 20 It is of utmost importance to successful gene therapy that engraftment capability be preserved after ex vivo transduction.
These data suggest that lentivirus-mediated gene transfer in a rapid transduction protocol with hypoxia and reducing agent may sufficiently preserve hematopoietic progenitor potential so that sufficient engraftment and in vivo transgene expression may be attained in a clinical trial.
Materials and methods

FANCA lentiviral vector
A third generation self-inactivating lentiviral vector containing the full-length FANCA gene was assembled Figure 6 ). The lentiviral vector containing the FANCA transgene was constructed using the HIV-1-based RRL.sin.cPPT.PGK.GFP.wpre self-inactivating vector, 24 which contains a human phosphoglycerate kinase promoter (PGK) driving expression of enhanced GFP. The vector also contains a central polypurine tract (cPPT) to enhance transduction. 25 Transcription is driven by a heterologous RSV promoter, and there is a 400 bp deletion of the U3 region of the 3 0 LTR that contains all of the major determinants responsible for regulating the HIV-1 LTR promoter including the TATA box.
The FANCA cDNA was kindly provided by Dr Hans Joenje in the mammalian expression vector pREP4 (Invitrogen, Carlsbad, CA, USA). A 5.5 kb NarI to HindIII fragment including the FANCA cDNA was transferred to the MND-EGFP SN oncoretroviral plasmid to create MNDFANCA. An AgeI site was created upstream of the FANCA open reading frame (ORF) in MNDFANCA by converting an SfoI site to an AgeI site using an AgeI linker. The 3.2 kb AgeI to BamHI fragment and 1.6 kb BamHI to BsrGI fragments, spanning 4.8 kb of the FANCA cDNA, including the 4.4 kb FANCA ORF, were cloned into the AgeI to BsrGI site of RRLsin.cPPT.hPGK.GFP.wpre replacing the GFP ORF to generate pRRL.sin.cPPT.PGK.FANCA. wpre. Finally, the wpre element was replaced with a synthetic woodchuck element (sW), interrupting the partial Protein X ORF present within the wpre sequence.
Lentiviral vector stocks of VSV-G-pseudotype lentiviral vectors were prepared transiently by calcium phosphate-mediated four-plasmid transfection of 293T cells. Briefly, 27 mg of the transfer vector construct, 17.5 mg second-generation gag-pol packaging construct pCMVDR8.74, and 9.5 mg VSV-G expression construct pMD.G were used for transfection of 12 Â 10 6 293T cells overnight in 25 ml Dulbecco's Modified Eagle Medium (DMEM) with 10% heat-inactivated fetal bovine serum. The cells were treated with 10 mM sodium butyrate during the first of three 12-h vector supernatant collections. The supernatant was filtered through a 0.22 mm-pore-size filter and concentrated 100-fold by centrifugation.
The same vector backbone containing the green fluorescent protein (GFP) cDNA instead of the FANCA cDNA, RRLsin.cPPT.hPGK.GFP.wpre (GFP vector), was used as a transduction control.
Lymphoblast transduction and MMC challenge
The human FANCA cell line HSC72 26 was used to show functional efficacy of the lentiviral vector. HSC72 cells were placed on plates coated with fibronectin peptide CH-296, RetroNectin (Takara Bio, Madison, WI, USA) at 2 mcg/cm 2 and incubated with virus supernatant at a MOI of 10 in a humidified incubator for 14 h at 37 1C, and 5% CO 2 .
For the culture of lymphoblasts in MMC, 30 000 cells per well were placed into 96-well plates in triplicate containing transduction media and increasing concentrations of MMC (Ben Venue Laboratories Inc., Bedford, OH, USA), 0-40 nM. The cells were placed in a humidified incubator with 5% CO 2 at 371. Surviving cells were enumerated by Trypan blue (MP Biomedicals, LLC: Solon, OH, USA) exclusion 2 and 4 days later.
Isolation of normal bone marrow mononuclear cells, lineage depleted cells and CD34+ selected cells
Mononuclear cells were isolated from G-CSF-mobilized peripheral blood of normal donor subjects by using Ficoll-Paque Plus (GE-Health Care Bio-sciences AB, Uppsala, Sweden). A proportion of the cells was then subjected to stem and progenitor cell enrichment by lineage depletion using EasySep Human Hematopoietic Progenitor Cell Enrichment Kit (StemCell Technologies, Vancouver, BC, Canada). A custom mixture of biotinylated antibodies to CD14, CD19, CD3 and CD56 (StemCell Technologies) was used for depletion of cells bearing these markers in the magnetic device, and the cells lacking these markers were retained for transduction. Another portion of the collected mononuclear cells was subjected to positive selection of CD34-expressing progenitors, using the Direct CD34 Progenitor Cell Isolation MicroBead Kit (Miltenyi Biotec, Auburn, CA, USA). The magnetic beads conjugated with mouse anti-human CD34 antibody were mixed with the mononuclear cells and incubated at 41C for 30 min. The cells were then passed through MACS Separation Column (Miltenyi Biotec) positioned in the magnetic MACS Separator to allow the unlabeled cells run through while the magnetically labeled cells are retained on the column. The column was washed twice, then removed from the Separator and the CD34 + cells were eluted. CD34 cell enrichment efficiency was verified by flow cytometry.
Isolation of bone marrow mononuclear cells from FA-A patients
Primary human bone marrow was obtained from FA patients for research purposes under protocols approved by the Institutional Review Boards at each of the participating clinical sites and the Fred Hutchinson Cancer Research Center. Subjects provided written informed consent.
Bone marrow mononuclear cells were isolated by density depletion on lymphocyte separation media as described above for normal mobilized progenitors, and CD34 + cells were also isolated for one patient, as described above for normal progenitors. The cells were washed twice in PBS before being resuspended in transduction media. Transduction media consisted of Iscove's Modified Dulbecco's Medium supplemented with penicillin/streptomycin (Cellgro; Manassas, VA, USA), 4 mM L-glutamine, HEPES and 20% fetal bovine serum (latter three components from Hyclone; Ogden, UT, USA), with 100 ng ml -1 each of recombinant human Fms-related tyrosine kinase 3 ligand (Flt3-Ligand), stem
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FancA sW LTR LTR CAR Figure 6 FancA-sW lentiviral vector. The self inactivating lentiviral vector, FancA-sW, includes a phosphoglycerate kinase (PGK) promoter, the human FancA-coding sequence, and a synthetic woodchuck hepatitis virus posttranscriptional regulatory element (sW). As an additional safety feature the sW was modified to interrupt a partial woodchuck hepatitis virus X protein open reading frame. LTR is long terminal repeat, CAR is lentiviral cis-acting region.
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PS Becker et al cell factor, and thrombopoietin, and human G-CSF. The human cytokines were purchased from CellGenix; Antioch, IL, USA with the exception of G-CSF, which was from Amgen; Thousand Oaks, CA, USA. The media was further supplemented with 1 mM cell culture grade N-Acetyl-L-cysteine (NAC; Sigma-Aldrich; St. Louis, MO, USA).
Human FANCA bone marrow nuclear cell transduction and colony assay Cells were placed in bacteriologic plates coated with RetroNectin at 2 mcg cm -2 and incubated with the lentiviral vectors at an MOI of 10, then placed into a humidified hypoxia chamber (Billups-Rothenberg; Del Mar, CA, USA) with 10% CO 2 and 5% O 2 for 14 h at 37 1C. Cells were subsequently washed off the plate, resuspended and counted.
For colony assay, 25-30 000 mononuclear cells, 3500-7500 lineage-depleted cells, or 1500 CD34+ cells were placed into 1 ml of methylcellulose (MethoCult M3434 by StemCell Technologies), 1 mM NAC, in triplicate and placed into a humidified hypoxia chamber with 10% CO 2 and 5% O 2 at 37 1C The colonies were counted and isolated at about 18 days.
For bulk culture MMC challenge: 25 000-30 000 cells were placed into 96-well plates in triplicate containing transduction media and increasing amounts of MMC. The cells were placed in a humidified hypoxia chamber with 10% CO 2 and 5% O 2 at 37 1C. Cell number was determined 2 and 4 days later.
Colony Forming Unit lentivirus-specific PCR
To determine the fraction of CFUs that showed integrated lentiviral transgene, DNA was isolated from methylcellulose colonies, and PCR was performed using primers specific for proviral sequence. Methylcellulose colonies were picked up with the aid of a dissecting microscope, and DNA was isolated using the QIAamp DNA Mini Kit as per the manufacturer's protocol (Qiagen Inc., Valencia, CA, USA). Approximately 25 ml of DNA extract was used for PCR. PCR conditions included 42 cycles at 94 1C for one minute, 65 1C for 30 s and 72 1C for one minute, followed by a 10-min extension at 72 1C, as described. 27 Negative controls include no DNA (water) or DNA isolated from non- 
Linear amplification (LAM)-PCR
Lentiviral integration site analysis was performed by LAM-PCR on DNA obtained from the methylcellulose colonies, or transduced mononuclear cells, as previously described. 13 One hundred nanograms of DNA served as the template.
Statistical analysis
P-values were determined by Student's t-test.
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